Several Mediterranean islands are not connected to the main electricity grid yet meaning that independent local grids cater for their power requirements, mainly using imported fossil fuels whose resources scarcity, especially during the high-demand summer months, is a significant challenge. Seasonal variability in power demand, fuel price volatility, as well as a growing tourism development, impose some additional complexity. The present study analyses specific island grids of the Aegean Sea. Selected islands are analysed as case studies over a 20-year period (2016e2036). The developed energy modelling exercise uses a Harmony Search Algorithm in its core. It investigates whether the deployment of renewable energy sources could lead to a sustainable system, decrease the current burden from the government budget, and support local resources. In doing so we examine whether an increased share of RES, battery storage, and their combination could reduce islands' reliance on imports and potentially eliminate the current heavily subsidised status quo. The results show that a 30% increase of the consumption will require increases in installed power capacities by 40e70%, in the best case scenario. The latter involves significantly lower per-kWh cost, between 17% and 36% of the current values, due to the large share of RES.
Introduction
The European Union (EU) in its Framework Strategy for a Resilient Energy Union has clearly marked its energy priorities for transition to a low-carbon, secure and competitive economy. The "Clean Energy for all Europeans" package set the implementation milestones for the Member States' co-legislation towards the security and integration of EU's energy market, energy efficiency and de-carbonisation of the electricity sector. In this process, the Valletta political declaration on clean energy for EU Islands of 18 May 2017 [1] identified EU islands as the next potential forerunners in this transition to clean energy, as they have the strongest needs. Most islands still produce their electricity primarily using diesel and oil. This dependence means that these islands face high energy costs as they rely on foreign, expensive fuels that need to be transported by sea. Relying on imports creates energy security issues for these islands, that generally do not utilise their local energy sources. Small economies of scale constitute an additional parameter that affects the energy cost; a great number of EU islands has a small population and relatively low energy consumption. Immediate action and commitment in evolving these islands' energy pathway are thus of critical importance. Due to severe resource scarcity, there is increasing economic pressure for the islands to become exemplars of sustainable energy systems that will show the best practices for future integration of renewables and innovative storage in the inter-operable mainland electricity systems. Such a strategy will also mitigate local air/noise pollution and is expected to support tourism, a key sector for their economies.
The case of the Greek islands
The electrification of the islands in Greece has always been a challenge due to various technical and financial constraints. The complexity of the issue is accentuated from the islands' large number, their sparseness and the significant seasonal variability of electricity demand, due to them being popular tourist destinations. This issue was addressed in the main Ionian Islands through interconnections to the mainland Greek grid between 1960 and 1980. In April 2018 the first phase of the interconnection project of the Cyclades, an island group of the Aegean Sea, to the main grid was completed. The project was signed in 2014 and interconnected four main islands (Syros, Mykonos, Tinos, Paros) to the central electrical grid. The second phase with a budget of V70 million will connect a fifth island to the main grid in early 2019 [2, 3] .
Despite the ongoing interconnection projects, the majority of the Aegean Sea islands will continue to produce electricity in a business-as-usual manner. In the short-and medium-term it is not expected that interconnection to the main grid will be a universal solution for all islands. For the present exercise, we selected five islands that are not expected to be connected to the mainland by sea-cable in the near future. These islands cover a wide spectrum of electricity consumption that ranges between x18 GWh/year and x800 GWh/year. This allows exploring the role of the power systems' size in designing energy transition strategies. Studying, thus, a relatively wide spectrum of electricity demand profiles provides valuable insights that could be generalisable to a broader context providing guidance for other islands with similar characteristics. Table 1 includes information about the islands' size and number of inhabitants (year 2016) . It also provides data of the installed conventional-thermal power capacity, electricity demandconsumption and share of renewables.
Current status of the electrification of non-interconnected Greek islands
To date, the provision of electricity to the islands has relied on additional measures and economic incentives that make certain that citizens in both mainland and islands pay the same cost for electricity. A regular financial transfer has, thus, been placed to cover the higher costs of electricity generation in the islands. Islands' electricity systems rely heavily on oil-and diesel-based electricity stations, for which the operation fuel needs to be purchased and transported, with a significant economic burden for the central government budget. This significant cost is subsidised and shared by all mainland consumers through a levy on electricity bills. Such a solution was viable as long as the cost of oil was low and alternative solutions were either at an early stage of technological maturity or too expensive. However, this is not the case any more. The fluctuating and increased cost of fuel is even more expensive in the islands, due to the expensive transport involved. Considering the additional local pollution that this transfer creates to these tourist destinations and the future costs of greenhouse gas (GHG) emissions' taxation, it becomes clear that the current status of islands' electrification is not sustainable.
Connecting every island to the main system is not feasible, at least in the short-term, for various reasons. Interconnection projects are complex and their implementation requires several years. Moreover, their economic viability depends on the relation between consumption-demand and the distance to be covered. Accordingly, the interconnection of remote, smaller islands cannot be economically justified with the current cost of submarine power cable projects.
Alternative electrification pathways
It is, thus, essential to identify sustainable alternatives that utilise local, non-depletable energy sources and minimise the dependence of the islands on imports supporting energy security. Solutions need to have a minimal environmental impact since these islands include protected areas of high ecological and biodiversity importance. Attention needs to go beyond reductions of GHG emissions and air pollution: coast conservation, minimisation of the excavations and soil erosion, protection of the wildlife, removal of visual and noise pollution, are some of the issues to be considered. In general, interventions need to be minimised and harmonised with the local character of the islands.
Renewable energy sources (RES) are clean solutions based on indigenous assets and, if properly designed, require minor landscape interventions. Recent RES technological breakthroughs allow increased efficiencies, better power take-off, advanced control strategies and high levels of reliability. Moreover, battery storage has reached levels of maturity that allow large-scale installations. Technological maturity has also been coupled by a market maturity and continuous price reductions, that often place RES among the most advantageous solutions.
Increasing the share of RES in islands' power portfolios can build on their economic advantages and lead to sustainable development. Steadily increasing the penetration of RES following the optimal plan, allows to break down the required investments over a period of time and avoid the immediate phase-out of existing conventional systems. Besides, certain RES are modular and installations can be progressive and respond to the islands' specific needs. Such a transformation is not competing with future plans of interconnections to the central grid; on the contrary, it paves the path for a future bi-directional exchange of electricity between islands and the mainland. If an interconnection project is realised, the installed RES capacities will continue to operate and produce energy for local consumption as well as export. This is the main difference with investments in conventional power plants; as soon as an interconnection takes place, their operation needs to be seized or idled.
Aim of the present study
The present paper presents a model that optimises solutions for electricity supply and demand in non-interconnected islands. Its applicability is suited to isolated energy systems. It follows the growing political consensus against non-sustainable subsidy schemes that support fossil fuel-based electricity production. Policy makers in Europe and abroad need to identify sustainable energy systems that provide electricity at an affordable cost. The present study builds on a metaheuristic optimisation technique, the Table 1 Information of the selected islands and their current electricity production and consumption. Source: Hellenic Electricity Distribution Network Operator [4] . The present study extends the outcome of significant scientific works that analysed the energy systems' transformation in the Aegean islands. The first of these analyses focused on designing optimal autonomous systems. This included both the design of autonomous mini-scale wind-power systems with battery storage [5] (Kithnos island) as well as the optimal sizing of off-grid solar PV systems for the island of Rhodes [6] . In a later article, this research group assessed the development of hybrid independent systems that utilise wind with diesel gensets and battery storage [7] . An early energy system-wide optimisation analysis studied the island of Lesvos [8] . The developed multi-objective optimisation algorithm provided a Pareto-set of possible energy portfolios, by deploying different capacities of conventional and renewable energy sources. Every option resulted in different levels of costs and emissions. Lesvos island along with a smaller island (Donousa) was the subject of a study that optimised energy storage to minimise the overall RES-based electricity cost [9] . The power system of Lesvos island was also analysed in a recent analysis [10] , taking into account different scenarios of wind power curtailment. The power limitations for wind farms in the particular case of noninterconnected islands raised the interest of scientists already at the early phases of this debate [11] and four islands of the Aegean were assessed (Naxos, Andros, Skiros, Kea) [12] . The lifecycle energy analysis of RES-based systems has also been studied in three islands (Rhodes, Thassos and Zakinthos) optimising the systems' energy content and supporting their sustainable character [13] . Several studies have analysed the role of energy storage in designing the future energy systems in the islands of the Aegean. It is interesting to note that most of them analyse both wellestablished storage options (pumped storage) and modern energy storage technologies that have not eto datee reached market maturity (e.g. flywheels) [14, 15] . In a similar manner, the potential role of hydrogen for energy storage in the island of Karpathos was also studied in Ref. [16] . Contrary to studies dealing with energy storage, is the study presented in Ref. [17] that applied an optimisation technique to compare the economic feasibility of off-grid independent island systems with interconnection to the main grid. More recently, an analysis for the island of Fournoi analysed a hybrid energy system that utilises pumped hydropower storage and takes into account the island's water needs. This integrated approach follows the paradigm of water-energy nexus and addresses such challenges in a holistic manner.
The structure of the paper is as follows: Section 2 presents the structure of the model and the objectives, constraints and assumptions made to simulate the electricity portfolios. Section 3 provides the results of the model for each island and analyses the involved costs. Section 4 includes a discussion on the topic, building on ongoing work in islands' sustainable electrification in general and the analysed cases in particular. A conclusions section includes an overview of the research, underlines the limitations of the model and highlights areas for its future expansion.
Material and methods
The unexpected energy price increases of the 1970s resulted in the development of a wide variety of energy system models. The aim of these models exceeds energy system planning purposes; they enable a better understanding of the present and future interactions between demand and supply, energy and environment among others. Models can apply different methodologies and are distinguished in four categories [18] : i) Optimisation-based models (bottom-up), ii) accounting models (bottom-up), iii) Econometric models (top-down), and iv) hybrid models.
The present research developed a bottom-up optimisationbased model. This selection was made because such partial equilibrium models describe the electricity production and technology choices of existing and future stations by using both technical and economic parameters. These parameters include values of power capacity, efficiency, lifetime, potential, fuel consumption along with estimations on investment cost, fixed operations and maintenance (O&M) costs and variable costs, as explained in x2.4. Input is different in top-down models as they adopt a market-oriented approach: they analyse capital, labour and natural resources factors with an only limited representation of the energy sector. The selection of an optimisation-based model over an accounting one was based on its ability to define the global mix of technologies in an electricity portfolio in a way that meets the service demands and minimises the total discounted system cost [19] over a studied time-frame and under specific constraints.
Description of the developed electricity system model
The developed energy model is confined to the electricity sector and is, thus, considered an electricity system model. It incorporates a technological analysis of the electricity system and can also assess environmental parameters (e.g. GHG emissions). In its core, it operates an optimisation technique and it belongs to the second category (ii), according to the definition of the previous paragraph. The model identifies the least-cost solution using assumptions about the demand and prices. Compared to system-wide, powerful models, it is less complicated and has lower computing requirements. At the same time though, some analysts claim that increased model complexity does not guarantee a higher quality of the simulation [18] .
Core optimisation process
The present analysis incorporates a problem-independent technique, so as the core methodology is not influenced by the problem's specificity. Accordingly, a metaheuristic algorithm was selected with the additional advantage of not being greedy in terms of computation power. Among the available metaheuristics, researchers do not distinguish a specific technique as the absolute best one but suggest the selection of the algorithm according to the specific needs of the problem examined. The authors selected HSA because it is designed for continuous problems like the one analysed. It is not advisable to use metaheuristics that are structurally designed for binary problems (e.g. Genetic Algorithms) in continuous problems. The selection of HSA over other available metaheuristics was also based on the successful application of HSA in problems of similar nature and complexity [20e22] . Algorithms like HSA are suitable for optimising energy portfolios because they can cope with the non-linear characteristics of the problem and the stochastic nature of the energy sources [23] . A recent comparative study of artificial intelligence techniques for designing energy systems [24] , showed that HSA performs equally well to the other algorithms. Moreover, it appeared to be particularly effective in cases similar to the studied problem, when PV/wind/battery options and their combination are considered [25] . Accordingly, the authors selected to use HSA also utilizing their previous experience in the algorithm and the fine-tuning of its intrinsic parameters [26] .
Independent runs analysed scenarios of the energy portfolios for each of the selected islands. The aim was to simulate future needs and the required investments in new energy capacity. The model optimised the future power capacity installations for each system, on a 20-year horizon (from the baseline 2016 until the year 2036). For each island, numerous runs were performed with the optimum solution the algorithm converged, representing the most advantageous option detected, in terms of overall cost. Naturally, accepted solutions need to satisfy various constraints. The main model's constraint ensures that suggested portfolios can cover the electricity demand and the various losses throughout the studied period.
Description of Harmony Search Algorithm
HSA is a nature-inspired optimisation technique and it is an iterative algorithm. As such, it includes a repetitive process through which it steadily converges to the application's solution(s). In each repetition, HSA creates a new candidate solution by assigning values to the various variables of the problem. These are selected from a pool of values that were initially randomly created. The pool of solutions is updated through the process by applying HSA's mechanisms. Accordingly, in every repetition, HSA explores the quality of the created candidate solution. It then creates a new candidate solution to be tested in the following repetition by processing previously analysed candidate solutions. To do so, HSA combines the values of the variables of previous candidate solutions and it incorporates two additional mechanisms. These mechanisms implement the diversification and intensification operations, respectively [27] ensuring that the algorithm will extensively scan the search space, which is the domain of the objective function.
Diversification consists of exploring a much wider space, with the aim of finding promising solutions that are yet to be refined. HSA incorporates a diversification mechanism named improvisation, where a value for one of the decision variables is randomly selected from the possible value range, by using Eq. (1):
where:
: the refined variable as resulted from improvisation The intensification mechanism aims at refining the solutions through the pitch-adjustment process that probes neighbouring values of the components of candidate solutions. Pitch adjustment takes place with the following Eq. (2):
: the refined variable as resulted from pitch adjustment X i : the stored variable value Uð½0; 1Þ: a random number between 0 and 1 b w : the bandwidth of the pitch adjustment HSA creates a new solution in every repetition combining the stored solution and the diversification and intensification operators. If the new solution is better than a stored one, it replaces it. This repetitive process continues until the termination criterion is satisfied. In the case of cost-minimisation problems, as the one studied, the simulation terminates as soon as the model converges to the lowest value(s) of the objective function. Detailed information on the core optimisation algorithm and a descriptive flowchart are available in the literature [28] .
Decision variables
The model's decision variables represent the alternative options that are possible for transforming the islands' electricity systems. They represent addition/removal of electricity-producing stations, implemented over the studied 20-year time frame and cover the main technologies that are readily available. Accordingly, additional installations of solar PV and wind systems are represented by the variables X 1 and X 2 , respectively. Additions and upgrades of conventional fossil fuel-based systems are represented by the variable X 3 . Moreover, the model investigates the battery storage option, with battery capacity additions being represented by the variable X 4 . It also optimises the duration of operation of fossil systems in order to simulate the real operation of the island electricity systems. Accordingly, fuel consumption is optimised with the variables X 5 and X 6 simulating the number of operating hours of the thermal plants for peak and off-peak periods, respectively. The initial values of the decision variables were assigned to be the values of the baseline year 2016.
Objective function
The objective function quantifies the required investment of each energy portfolio (installation and operation cost) for the whole period in net present values (NPV):
Incoming and outgoing cash flows of Eq. (3) over the 20-year analysed period are transformed into NPV at a discount rate n ¼ 3%, taking into account the constant outgoing yearly cash flow for O&M and emissions' allowances [29] . Discount rates for energyrelated projects generally take values between 3% and 15% with some energy sectors being assigned higher discount rates than others. Discount rates for the transport sector are usually high (8e12%) while for electricity systems lower values are generally selected (5e9%). These values are considered conservative assumptions and in developed regions, like the EU, it is reasonable to assume lower discount rates of x3% [30] . This is also the outcome of the application of the "Ramsey formula" to estimate social discount rates for EU Member States that appeared to range between 1%e7% in Ref. [31] . Relatively lower discount rates are also justified for projects with positive externalities esuch as clean energy projectse on the basis of the delivered overall societal benefits. Besides, the use of relatively high discount rates is unfavourable for the more ambitious scenarios and this is why the US Department of Energy in its impact assessments uses does not use the higher discount rates derived from observed purchasing behaviour [32] .
The capital cost of capacity additions over the studied period is given by Eq. (4):
tech: corresponds to the technology selected for capacity additions (solar PV, wind, thermal and battery storage) t ¼ 1 À 20: the analysed time horizon of 20 years C tech : the cost of each technology per unit of power (V/MW) P tech add : capacity addition for each technology in year t (MW) n: discount rate The operation cost of the energy portfolio consists of the fuel cost and the maintenance cost. The first component is subject to the cumulative hours of operation of the conventional stations and the fuel price that changes throughout the studied period between the minimum and maximum values. Annual maintenance costs are usually estimated as a percentage of the capital cost and are different for each technology. The calculation of the O&M cost is described in Eq. (5):
where: The CO 2 tax cost is calculated assuming a fixed cost for each tonne of CO 2 emissions using Eq. (6).
E r : is the emission rate of conventional plants (tCO 2 /MWh) tax: is the emissions allowance price
Since the islands studied are in an EU member state, we incorporated the current EU carbon policy in order to define the CO 2 emissions allowance price. This price is defined in terms of the EU's Emissions Trading Scheme (ETS) and the model incorporated this tax in the electricity production cost of the conventional units. As input it used the average emissions' allowance values of the 2009e2018 period also reflecting the 2017 reform of the ETS that resulted in carbon prices rising from a low of V4.4/tCO 2 (May 2017) to V13.8/tCO 2 (April 2018). Over the last years, analysts have generally used a carbon price of xV10/tonne as a reference value [33] . The outcome of up-to-date simulations has also provided similar values [34] . Accordingly, the present analysis assumed a relatively conservative value of V11/tCO 2 also to counterbalance the more optimistic discount rate.
Model parameters
The energy systems' capital cost was estimated for solar PV at V1.1/Wp [35] , for wind at 1.3/W, for conventional systems at V0.9 million/MW, and battery storage cost at V0.12/MWh. The fluctuation of oil price hinders estimations of operation cost of heavy oilor diesel-fuelled power stations. In order to overcome this obstacle, the model simulated a fuel-price scenario that takes into account both the low oil prices (V40/barrel) of the recent past but also incorporates the increasing trends the oil market has experienced since. The highest oil price in the studied time frame is considered to be V100/barrel. The fossil fuel stations' decommissioning was also taken into account since aged equipment will be either phased out or retrofitted.
The efficiency of the different systems and capacity factors were based on the authors' previous work [36] , on technology-specific analyses published by international organisations' technical reports [37, 38] and input values used by the authors in EU-wide electricity system planning models [39] .
In order to study the battery storage option, the model distinguishes day from night electricity consumption [20] . The simulation assumes that two-thirds of the consumption takes place during the day (16 h), while the remaining one third is related to night consumption (8 h). Battery storage is exclusively used to cover the night demand. In that sense, batteries are charged from the daily produced electricity mainly by utilizing the abundant solar and wind energy output. Batteries may also provide balancing services throughout the day, but need to be fully charged before the start of the night period, in order to provide additional electricity when solar PV systems cannot compensate the non-producing capacities. Conventional systems are targeted to mainly cover peak loads and support variations of output/demand as well as secure continuous night operation. PV and wind systems reduce oil/diesel consumption by providing base-load.
Results
This section presents the outcome of the optimisation exercise for the selected five islands. More specifically, it presents a possible development of the energy portfolios that is the most economically advantageous according to the optimisation-based model. The development of these portfolios, thus, involves the lowest capital and operational costs for the analysed 20-year time frame. The coloured bars illustrate the electricity production of the different sources over the studied period in GWh (left Y-axis). The coloured lines show the cumulative power capacity of RES (solar PV, wind) during the same period in MW (right Y-axis). It is interesting to note that in all five cases the conventional electricity production appears to decrease steadily, with the ageing fossil fuel equipment not being replaced.
Rhodes
During the last two decades, the electricity demand in Rhodes island has more than doubled: from 393.2 GWh in 1996 to 764.6 GWh in 2010 and eventually peaked at 816.6 GWh in 2016. Fig. 1 illustrates the cost-optimal energy strategy, as estimated by the electricity system model. Projections suggest a rapid reduction in fossil-based production between 2016 and 2022, followed by a milder one. After the year 2028 oil-fuelled production steadily converges to a very low share that remains steady until the end year of the simulation 2036.
Notable is the significant share of the wind output in the final (2036) production mix. In terms of installed wind capacity, the modelled results show an output almost six times bigger than the current capacity. This illustrates the favourable conditions of Rhodes that hosts one of the best wind potentials of the country. Our analysis has not taken into account land limitations, i.e. whether it is possible to increase up to that extent the number of installed wind farms. Grid limitations, as far as the absorption of extended variable power is concerned, is an additional issue that exceeds the targets of the present work. Local acceptability of wind energy systems varies among islands [40, 41] , with the visual and noise intrusion impact being the main concerns of local communities.
Lesvos
The output for Lesvos is illustrated in Fig. 2 . The power mix evolves similarly to Rhodes, with wind capacities taking over the fossil fuel-based ones. Solar PV installations also increase almost linearly in the early period to take a lower, moderate development rate in 2020e2036 period.
So far high-enthalpy geothermal fields, similar to those of Milos Island, have not been explored in Lesvos. However, there is evidence that multiple medium-temperature geothermal fields could potentially provide energy in favourable terms [8] and ongoing plans for an 8 MW station, show the increasing interest in utilizing the island geothermal potential. These efforts need to secure public acceptance and overcome the negative effects of the non-successful pilot applications of the past [42] .
Chios
For Chios, the modelling results also suggest a steady shift from fossil-based electricity to RES (Fig. 3) . Solar PV systems take over a bigger role in the simulated best case and eventually are expected to cover more than 25% of the 2036 consumption. It is interesting to note that Chios hosts two operational desalination plants (in Tholos and Miligkas areas) with a total potential output of 5000 m 3 /day [43] . Spikes in the production curve (e.g. in years 2026 and 2028) illustrate the effect of power capacity installations in such independent, islandic systems. In certain periods of time, it is likely that the produced electricity will exceed the required electricity for consumption (plus system losses) at least for a short period. This is expected to last until the demand increases and bridges the gap or until aged infrastructure (e.g. old diesel gensets) is phased out. Similarly to Lesvos, there is evidence in Chios for potential geothermal energy production [44] .
Contrary to Figs. 1 and 2 , the deployment of RES for Chios island, Fig. 3 , is not continuous. This is shown by the flat parts of the wind and solar curves a particularity also observed in the case of Karpathos and Patmos (Figs. 4 and 5) . For the smaller islands, the model anticipates periods of zero deployments for both solar and wind, under the modelled optimised strategy. This observation provides an additional information i.e. the complete transformation of power systems in smaller islands may require more time than those in larger islands. Larger islands host higher capacities of conventional thermal plants that can fully cover the Fig. 1 . Model projections of optimised electricity production for Rhodes. Fig. 2 . Model projections of optimised electricity production for Lesvos. demand when the RES output is low (night). In periods of high RES productivity, larger islands can absorb relatively bigger quantities of RES electricity.
The nominal capacity of wind turbines plays an additional role. A single wind turbine has a capacity of several hundred kW. Its installation on a small island may result in such an increase of the output that exceeds the demand of both the ongoing and the following period (need for curtailment [10] ). It is, thus, necessary for these islands to avoid new installations until the retirement of an old thermal station or an increase in the demand. This is shown in Fig. 3 where the wind power increases continuously until 2022. However, no wind is added in the period 2022e2023 because the total electricity production of 2022 exceeds both that required to cover the demand of 2023 and 2024.
Karpathos-Patmos
Karpathos and Patmos, although different in size, have significantly lower consumptions when compared with the previously analysed islands. Karpathos has an excellent wind potential and the model converges to a higher share of wind compared to Patmos. However, in both cases, the share of solar in the final consumption is as high as wind. This is different from the previous cases (Figs. 1e3) and shows PV's suitability on smaller islands.
Wind units have a large unit capacity and require larger investments. Modular PV systems' installation is flexible allowing a gradual increase of the capacities and distribution of the investment over a period of time. This is favourable particularly in electricity systems with relatively low consumption because large capacities' installation "all at once" is more difficult to be recouped.
The model projections for these two islands do not anticipate continuous installations of solar PV and wind power systems. Similarly to the case of Chios, solar PV capacities remain stable (Fig. 4) in several periods for Karpathos: e.g. 2022e2025, 2032e2036. Wind power also remains stable after 2032. This phenomenon is even more apparent in the case of the smallest island of the study, Patmos.
Cost of produced electricity
The overall modelled costs to transform the energy production in islands are provided in Table 2. Table 2 (column #7) shows the average year values of electricity production by conventional units for the period 2016 to May 2018 [4] . Comparing these values to the average modelled cost ( Table 2 , columns #6 and #7), it appears that the modelled transformation would involve less than half of the cost that refers to the current non-sustainable strategies. Fig. 6 presents the average full production cost of the islands' conventional units between 2016 and May 2018, on a monthly basis. These values range between xV85/MWh and xV390/MWh in the selected islands, showing a large potential for savings. The difference is mostly due to the near-zero variable cost of the renewable energy capacities and it becomes apparent when considering the high variable cost of the imported fossil fuels: The Hellenic DSO regularly publishes information on the average costs on a monthly basis [4] . The latter have ranged from xV60/MWh to xV241/MWh in the selected islands between 2016 and mid-2018, representing the lion's share of the total electricity cost. Thus, despite the huge investments required over the examined period to replace the existing capacities and transform the power portfolio to an RES-based one, the fuel savings appear to compensate entirely for the investment costs in the long run.
Variations on the variable cost of electricity production enable identifying the prime locations, where the transition would bring the higher benefits. In general, it appears that the cost savings are larger for the islands with a lower population (i.e. Patmos) since the reduction of fuel consumption would significantly reduce the very high variable cost. It is important to mention that the modelled cost results (Table 2 -column six) do not include the required investment to upgrade the existing grid infrastructure. Local grids may need to be significantly renovated adopting advanced-technology components, in order to be capable to absorb the large share of variable RES electricity. It is difficult to quantify this additional economic burden, as the ageing grid infrastructure of the islands may need to be upgraded in the following years anyway. It is expected that technological breakthroughs in the smart grid design [45] , battery storage [46] and its application on islands [47] , will be crucial for the successful realisation of any transition. In any case, an increase of the overall installed capacities is expected to take place in the islands on one hand due to the higher projected consumption, and on the other due to the lower capacity factors of RES technologies.
Energy autonomy of the modelled systems
Apart from the environmental and economic aspects, an Table 2 Energy portfolios' outlook for the analysed islands and average cost of electricity of the modelled transformation. Sources: Authors' analysis, [4] .
Island
Power important issue is the energy security-autonomy of the transformed electricity systems. Due to the variability of RES, it is important to estimate the autonomy of the transformed systems under worst-case scenarios of RES output. Accordingly, we analysed the systems' autonomy for the day of the annual peak demand, assuming that the retired thermal stations are not maintained as reserve capacities. In such a scenario the consumption can only be covered by the remaining conventional stations at full load operation, the electricity stored in the electrical storage systems (ESS) and the RES output, if any. Naturally, as far as the installed RES capacities produce near their yearly average rate, the islands' systems will be fully autonomous. In case, though, of limited RES production due to unfavourable conditions (e.g. cloud cover and no wind) it is needed to estimate the duration of the autonomous operation of the systems. Four adverse scenarios have been analysed: the first one assesses the extreme case of zero RES production, while the second one assumes negligible RES contribution equal to the 10% of the yearly average. The remaining two scenarios assume partial RES output equal to 25% and 50% of the average values, respectively. The results for all scenarios are shown in Table 3 .
As expected, the autonomy of all islands decreases for the case of no or negligible RES contribution. The lower value of autonomy appears in the largest islands (Rhodes, Lesvos) and is equal to 4.1 h (no RES production) or 5.8 h (RES production equal to 10% of the average). The reason smaller islands have higher autonomy is simply their systems' overcapacity. A careful look at the current systems shows that in the smaller islands an abundance of power capacity can respond to unexpected peak demand. The larger size of the relatively bigger systems of Rhodes and Lesvos allows avoiding system's overcapacity. Estimating the possibility of the occurrence of the scenarios of Table 3 exceeds the scope of the present study. The decreased autonomy of the near-100% RES modelled systems shows that in some cases conventional capacities may be required as a backup to minimise the risk of power disruptions.
Discussion
The role of islands and island states in the transition to clean, carbon-free energy sources and energy security, has been important in political, scientific and implementation levels. This was highlighted by the presidency of the Republic of Fiji in the 2017 United Nations Climate Change Conference (COP 23). Moreover, islands are highly vulnerable to the impact of climate variability and they have intensified their efforts to decrease GHG emissions.
The Danish island of Samsø has been a pioneer in this respect. With a substantial local support and well-designed energy policies, the 4000-inhabitant island produces more energy from wind and biomass than it consumes. The currently installed 34 MW of wind [48] and the district heating projects provide sufficient energy for the local needs, while the residual electricity is sold to the mainland. A pioneer energy modelling exercise [49] analysed the opportunities for the development of sustainable energy solutions at the island of Samsø, through a Strengths, Weaknesses, Opportunities and Threats (SWOT) analysis. The deployment of wind has also been studied in the island of Cyprus. A particular study for the 82 MW Orites wind farm [50] , has also analysed the social acceptance of the project, commissioned in 2010. Canary islands represent an isolated electric grid that has served as an example for RES utilisation. The utilisation of the islands' existing conventional electricity stations and its complementarity with modern clean technologies was studied in Ref. [51] , recognizing the need for a planned, step-by-step transition in a way similar to the present research. More recent articles have also focused on the possible utilisation of wave energy [52] , as soon as this technology reaches maturity. Wave energy potential was also the epicentre of the research for the Portuguese islands Azores [53] and Madeira [54] . The island São Miguel of Azores has been the objective of a medium-and long-term energy modelling study [55] , using the optimisation capabilities of a model that takes into account renewable resource availability, operational constraints and electricity demand dynamics. Reunion island, a densely-populated French overseas territory, has experienced a comparable growth in energy demand. Accordingly, efforts concentrate to move from the current fossil fuel-based electricity system [56] to a 100% RESbased one, by 2030. The various technical challenges related to the high deployment of RES in Reunion were studied in a recent article [57] that developed an energy modelling analysis similar to the one used for São Miguel [55] . Another island with a 100% RES target by 2025 is Cape Verde. Plans and ongoing research have focused on the development of different RES, also projecting the energy needs for desalination [58] . The development of a model for the optimal design of a 100% RES-based system in Hawaii is presented in Ref. [59] .
Efforts for the design of sustainable energy portfolios for the Greek islands have a long history; already in 1983, the first European commercial wind park was developed on the island of Kythnos (five 15 kW turbines) [37] . This is due to the high cost of electricity production in these islands. Shipping the fuel to such remote locations leads to an electricity cost several times higher than that of the main grid. Indicatively, in 2015 the average full production cost was higher than V300/MWh in several islands, while the average variable cost reached V200/MWh in many cases [4] . Accordingly, taking advantage of the favourable solar irradiation [60] and the high wind [61, 62] potential of the islands is a feasible strategy. Naturally, there is no generic solution to be applied to the islands. Each island is a unique system that has its own particular characteristics. Differences in size, population and tourism as well as the potential of the various energy sources are indicative parameters to be analysed. The findings of the present research suggest that larger islands (Rhodes, Chios) allow for the quicker transformation of the energy mix and faster reduction of the share of fossil-based electricity. Moreover, these islands enable higher capacities of wind energy, as they allow the development of the large per-unit wind systems. Contrary to that, in smaller islands, the lower consumption favours solar PV systems. The modularity of solar PV systems and their low per-unit size is more suitable for smaller power portfolios. However, this means that these smaller systems require relatively more time to reach their full carbon-free potential in an economically optimal manner.
A different pathway, where a more efficient energy production approach is achieved, could also allow adopting electro-mobility which, in principle, is ideal for short-distanced inner-island trips (i.e. a single charge could facilitate even the longest trip the island could offer). The electrification of cars is a measure reducing significantly the adverse environmental impacts from transport [63] . A potential scenario of introducing an electric vehicle (EV) fleet as a distributed energy storage system that would increase the participation of renewables could be particularly appealing for the isolated island systems studied. A system as such that was piloted through simulation methods in a comparable environment (i.e. the island of Tenerife) showed very promising results in increasing the renewable share in the electricity mix of the island and reducing CO2 emissions, the total cost of electric generation and the oil internal market [64] . This emobility option particularly favours the relatively more populated islands of this study, as they host bigger car fleets, thus having the critical mass for justifying the creation of the necessary infrastructure (i.e. e-charging stations). Therefore prioritising EV schemes for the bigger islands not included in interconnection plans could be another cost-optimal approach for developing a more sustainable power portfolio for them [65] . Electric biking is another electro-mobility initiative that could be adopted because of its added potential to contribute to increased bicycling. In the smaller islands at least, locals and tourists could take advantage of e-biking as the distances are shorter and users could avoid parking problems that pose great inconvenience in recreation areas. Ebiking is suitable for altitude differences and makes long-distance biking accessible for more people. Thus it can potentially transform cycling from a non-issue currently, despite a consistently rising tourist-driven demand for it in Greek islands, to a viable door-to-door mobility solution for these areas that could be potentially embraced from the local population too.
Conclusions
The unique situation of the Greek electricity system presents on the one hand a great burden for the households as it means an extra charge in their electricity bills, but on the other offers a good opportunity to act as an example in sustainable energy. From a security, environmental and climate viewpoint the present status quo, which refers to portfolios primarily relying on heavy oil-and diesel-generated electricity in meeting the island demand, is the least optimal.
The analysis presented in this work shows that the Mediterranean islands could leave behind this deadlock by scaling up indigenous electricity sources. The developed model and its outcome show that the required RES' additions to cover the demand, represent a more cost-effective energy generation option for the islands discussed. The replacement of conventional fuel-based units by the RED capacity additions adds not only to the environmental performance (e.g. air quality improvement, avoidance of oils spills) but at the same time saves huge transport costs. Maintaining the present system configuration will require hundreds of Vmillions of cross-subsidies from the electricity consumers of Greece. Although the ongoing interconnection projects will decrease this burden, they will not vanish it. The presented approach does not compete with future interconnection projects; on the contrary, potential interconnections would allow even higher deployment of renewable energy sources.
The present analysis did not consider the geothermal technology due to the increased degree of uncertainty regarding its cost. However, recent policy efforts are targeted towards a better utilisation of the geothermal sources, and particularly the low-and medium-enthalpy ones. This may increase the available options for the utilisation of indigenous clean energy sources. These efforts along with the latest technological breakthroughs in the geothermal field could reverse the negative social perception of geothermal investments that the unsuccessful pilot application in Milos caused [66] . Comparing independent energy systems to an extended interconnections' strategy, like the one implemented in Ref. [17] , is outside the scope of the present study.
The application of the presented methodology can be also extended to environments different to islands. It can also incorporate other renewable/conventional sources as well as different consumption patterns, to better adapt to the local conditions. The methodology, however, has been designed for isolated systems, where connection to the central power grid is not a feasible option due to geographical, technical, economic, environmental or other reasons. Accordingly, the methodology can be applied to the design of remote mini-grids in developing countries for the electrification of rural communities in Sub-Saharan Africa [67e69]. It is important to note that electricity system models have limitations in simulating century systems, particularly considering the future systems' complexity. They do, however, retain an important role and enable further analyses and policy-making in country-wide and regional level [70] . Energy modelling exercises such as the present one allow exploring plausible future scenarios and, thus, can potentially unfold interactions between the performance of technologies, policies, environmental impacts and associated costs.
